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The  electrochemical  performance  of  LiFeP04/C  samples  synthesized  by  different  carbon  sources  varies 
considerably,  the  structural  difference  of  residual  carbon  in  LiFeP04/C  accounts  for  the  performance 
variation.  Higher  performance  is  associated  with  a  larger  ratio  of  graphitic  carbon,  which  exhibits 
better  electronic  conductivity  than  amorphous  carbon.  To  improve  the  electronic  conductivity,  we  pre¬ 
pared  LiFeP04/(C+G)  composites  by  a  one-step  solid-state  method,  in  which  natural  graphite  is  used  as 
reducing  agent  and  conducting  additives.  The  samples  were  characterized  by  X-ray  diffraction  (XRD), 
high-resolution  transmission  electron  microscope  (HRTEM),  Raman  microprobe  spectroscope  and  other 
electrochemical  methods.  The  results  show  that  reversible  capacity  and  rate  performance  of  LiFeP04 
are  improved  considerably  by  the  two-phase  carbon  coating.  Therefore,  LiFeP04/(C+G)  composites  are  a 
promising  candidate  for  lithium  ion  batteries. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Olivine  LiFeP04  is  regarded  as  the  one  of  the  most  promising 
alternative  cathode  materials  for  lithium  ion  batteries  due  to  its 
advantages  of  high  theoretic  capacity  (1 70  mAh  g-1 ),  low  cost,  high 
safety  and  environmental  friendliness  [1-4].  However,  LiFeP04 
could  deliver  its  theoretical  capacity  only  at  a  very  low  current  den¬ 
sity  because  of  its  poor  electronic  conductivity  ( 1 0-9-l  0-7  S  cm-1 ) 
and  slow  lithium  ion  diffusion  [3-6].  Great  efforts  have  been 
devoted  to  improving  electrochemical  performance  of  LiFeP04, 
such  as  carbon  coating  [6,7],  supervalent-cation  doping  [3,8,9]  and 
nano-sized  material  designing  [4,10].  Carbon  coating  is  the  most 
commonly  used  method  for  electrical  conductivity  improvement 
of  LiFeP04.  Generally,  there  are  two  types  of  carbon  sources,  i.e. 
organic  (e.g.  glucose  [11,12],  sucrose  [13],  citric  acid  [14],  PEG 
[15,16],  etc.)  and  inorganic  (e.g.  AC-K5  [17],  CMK-3  [18],  CNTs 
[19],  etc.).  Among  them,  pyrolytic  carbon  from  organic  sources  and 
conventional  inorganic  sources  are  commonly  used;  however,  its 
amorphous  feature  impairs  the  reversible  capacity  and  tap  den¬ 
sity  of  LFP  [20].  Effects  of  graphitization  degree  of  the  incorporated 
carbon  on  cycling  stability  of  LiFeP04  has  been  proved  in  previous 
literatures  [11,12],  but  it  is  hard  to  improve  graphitization  degree 
of  pyrolytic  carbon  at  the  typical  sintering  temperature  (<750  °C)  of 
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LiFeP04.  As  a  better  conducting  additive,  high  dispersed  graphite 
or  graphene  [21]  has  been  proved  effective  to  improve  high  rate 
performance  of  LiFeP04,  but  the  graphite  is  inactive  to  reduce  Fe3+- 
containing  component  to  form  LiFeP04  because  of  its  structural 
stability.  It  is  very  essential  to  enhance  the  degree  of  an  amorphous 
carbon  with  balanced  ability  to  reduce  Fe3+  and  improve  the  tap 
density  of  the  carbon  coated  LiFeP04. 

In  this  paper,  natural  graphite  was  first  time  applied  as  the 
reducing  agent  and  conducting  additive  to  prepare  the  two-phase 
carbon  coated  LiFeP04/(C+G)  cathode  material.  For  this  purpose, 
the  graphite  was  miraculously  activated  and  coated  on  LiFeP04 
by  high-energy  mechanical  milling.  XRD,  TEM,  Raman,  cyclic 
voltammetry  (CV)  and  charge/discharge  tests  were  employed  to 
investigate  the  samples. 


2.  Experimental 

2.1.  Sample  synthesis 

To  prepare  LFP/(C+G)  cathode  composite,  Li2C03,  Fe203, 
NH4  H2  P04  ( molar  ratio  of  Li :  Fe :  P  =  1 .005 : 1 : 1 )  and  natural  graphite 
were  used  as  starting  materials.  The  graphite,  activated  by  high- 
energy  mechanical-milling,  was  ground  with  Li2C03,  Fe203  and 
NH4H2P04  for  6h  in  alcohol  to  ensure  homogeneous  mixing.  The 
mixture  was  dried  at  60  °C  overnight,  sintered  at  650  °C  for  18  h  in 
N2  and  cooled  naturally. 
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Fig.  1.  X-ray  diffraction  patterns  of  (a)  NG,  (b)  HEMM-G,  and  (c)  LFP /  (C+G). 


2.2.  Sample  analysis 

The  phase  and  crystalline  structure  of  LFP/(C+G)  composite  were 
studied  by  X-ray  diffraction  (XRD,  Rigaku  RINT-2000)  with  Cu- 
ka  radiation  (A  =  1.5406  A).  The  morphology  was  observed  with 
field-emission  scanning  electron  microscope  (FE-SEM,  JSM7500F, 


JEOL),  and  the  structure  was  characterized  by  transmission  electron 
microscopy  (TEM,  JEM-2010).  Carbon  coating  on  the  as-prepared 
LFP/(C+G)  particles  was  estimated  by  Raman  spectra  (VERTEX  70, 
Bruker)  and  carbon  content  was  determined  by  carbon-sulfur  ana¬ 
lyzer  (CS600,  LECO,  US).  The  tap  density  of  the  LFP/(C+G)  sample 
was  measured  by  the  tap  density  measurement  instrument  (JZ-1, 
China). 

2.3.  Electrochemical  measurement 

The  working  electrodes  were  prepared  by  mixing  active  mate¬ 
rial  LFP/(C+G)  with  PVDF  binder  and  acetylene  black  in  a  weight 
ratio  of  75:15:10  in  N-methyl  pyrrolidinone  solvent.  The  resulting 
slurry  was  cast  on  an  aluminum  foil  using  an  automatic  film-coating 
equipment  to  control  film  thickness.  The  film  was  punched  into 
disc  (O  14  mm)  and  pressed  (6  MPa).  After  drying  at  120°C  for  8h 
in  vacuum,  the  disc  was  transferred  into  an  argon-filled  glove  box 
(<1  ppm  EI2O,  <1  ppm  02),  the  loading  of  LFP/C  on  the  electrode  is 
about  1.27  mg  cm-2. 2025  coin  cells  were  assembled  using  Celgard 
2400  as  separator,  lithium  foil  as  counter  and  reference  electrode, 
and  1  M  LiPFe/(EC  +  DMC,  1 :1  in  mass)  as  electrolyte.  The  cells  were 
tested  at  various  rates  in  the  voltage  range  of  2.5  and  4.2  V  (vs.  Li+/Li) 
at  room  temperature  on  a  cell  testing  instrument  (LAND  CT2001  A, 
China).  Cyclic  voltammetry  (CV)  measurements  were  performed 
on  an  electrochemical  working  station  (PARSTAT  2273,  Princeton 


Fig.  2.  (a  and  b)  SEM  and  (c  and  d)  TEM  images  of  the  LFP/(C+G)  composite. 
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Fig.  3.  (a)  The  initial  charge/discharge  voltage  curves,  (b)  the  cyclic  performance  for  LFP/(C+G)  electrodes  at  different  C-rates,  (c)  CV  curves  of  LFP/(C+G)  electrodes  at  scan 
rates  of  0.05,  0.1,  0.2,  0.3  mVs-1,  respectively,  between  3.0  V  and  4.0  V  (vs.  Li/Li+),  and  (d)  relationship  between  ip,a/ip>c  and  v1/2. 


Applied  Research,  USA)  at  a  scanning  rate  of  0.05  mV  s-1  within  a 
voltage  range  of  3. 0-4.0  V. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  natural  graphite  (NG),  activated 
graphite  by  high-energy  mechanical-milling  treatment  (HEMM- 
G)  and  LFP/(C+G).  As  seen  in  Fig.  1,  the  activated  graphite  shows 
a  clear  asymmetric  peak  at  about  26°  which  can  be  deconvo- 
luted  into  two  peaks:  one  (at  ~23°)  is  for  amorphous  carbon 
and  the  other  (at  ~26°)  for  graphitic  carbon.  The  peak  (at  ~26°) 
broadening  may  be  related  to  the  decrease  in  crystal  size  of 
graphite  after  mechanical  activation.  The  crystal  sizes  of  natural 
graphite  and  activated  graphite  estimated  by  Scherrer’s  equation 
are  33  nm  and  1  nm,  respectively,  calculated  from  the  (0  0  2)  plane 
of  the  two  samples.  Apparently,  the  size  of  activated  graphite 
decreases  after  high-energy  mechanical-milling.  In  addition,  for 
the  activated  graphite,  the  second  peak  (~42°)  corresponding  to 
(1  01)  plane  of  graphite  (JCPDS  No.  41-1487),  is  observed.  How- 
ever,  this  peak  is  more  clear  and  broader  than  that  for  natural 
graphite,  due  to  the  overlap  with  (111)  plane  of  Fe3C  (JCPDS 
No.  89-2005),  which  is  formed  during  the  high-energy  mechani¬ 
cal  milling.  However,  Fe3C  impurity  disappears  in  the  XRD  pattern 
for  LFP/(C+G)  sample  because  of  decomposition  and  consumption 
for  LFP/C  formation  during  the  high-temperature  sintering  process. 
The  diffraction  peaks  for  LFP/(C+G)  composite  are  well  indexed  to 
orthorhombic  LiFeP04  (JCPDS  No.  83-2092)  with  space  group  of 
Puma,  the  cell  parameters  are  as  follows:  a  =  10.336  A,  b  =  6.013  A, 
c  =  4.695  A,  V  =  291.85  A3,  which  are  very  close  to  the  ideally  crys¬ 
tallized  LiFeP04  (a  =  1 0.334  A,  b  =  6.01 0  A,  c  =  4.693  A,  V  =  291 .47  A3 ) 
and  the  previous  reports  [22,23].  Average  crystal  size  of  LFP/(C+G) 
sample  is  about  65  nm,  calculated  from  the  (101),  (111),  (211)  and 


(311)  planes  of  orthorhombic  LiFeP04.  Furthermore,  other  impu¬ 
rity  phases,  such  as  a-Fe203,  Fe2P  [24,25],  disappear  in  our  case, 
indicating  excellent  reduction  ability  of  the  activated  carbon  for 
Fe3+  to  Fe2+. 

Fig.  2  shows  the  SEM  and  TEM  images  of  LFP/(C+G)  samples.  As 
shown  in  Fig.  2a  and  b,  LFP/(C+G)  particles  present  irregular  shapes 
with  a  wide  size-distribution  ranging  from  ~1 00  nm  to  1 .5  pan,  and 
most  LFP/(C+G)  particles  are  micron-sized.  To  analyze  the  struc¬ 
ture  of  the  coating  layer  and  the  substrate,  a  nano-particle  was 
selected  to  be  observed  (Fig.  2c  and  d).  It  is  found  that  graphite 
and  amorphous  carbon  are  wrapping  and/or  connecting  the  as- 
prepared  LFP/(C+G)  particles.  The  electron  diffraction  patterns  in 
Fig.  2d  clearly  indicated  that  the  coating  consisted  of  two  kinds 
of  carbon  phase,  i.e.  graphite  and  amorphous  carbon  (carbon  con¬ 
tent  in  the  composite  is  2.12%).  The  thinner  coating  (<10nm)  on 
the  surface  of  the  LFP  particles  displays  clear  crystal  planes  with  a 
d-spacing  of  0.3375  nm  corresponding  to  the  (0  0  2)  plane  of  hexag¬ 
onal  graphite.  The  thicker  coating  is  apparently  characterized  as 
amorphous  carbon.  The  selected  area  electron  diffraction  (SAED) 
pattern  in  the  insert  of  Fig.  2d  indicates  the  substrate  as  orthorhom¬ 
bic  LFP  clearly. 

The  tap  density  of  LFP/(C+G)  sample  is  1.413  gem-3,  which  is 
higher  than  that  of  previously  reported  data  [20,26,27].  The  high 
tap  density  attributes  to  the  suitable  gradation  of  nano-sized  and 
micron-sized  particles  (Fig.  2a  and  b),  i.e.  nano-sized  particles  can 
efficiently  fill  up  the  gaps  between  the  micron-sized  particles.  High 
tap  density  provides  a  possibility  for  the  as-prepared  LFP/(C+G)  to 
exhibit  excellent  high-rate  electrochemical  performance  without 
sacrificing  the  volumetric  energy  density. 

The  charge/discharge  characteristics  of  the  first  cycle  and  the 
cyclic  performance  of  LFP/(C+G)  electrodes  at  different  C-rate  are 
shown  in  Fig.  3a  and  b,  respectively.  As  seen,  the  capacity  drops 
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Fig.  4.  Raman  spectra  of  LFP/(C+G)  and  HEMM-G  (HT). 


with  increase  of  C-rate,  indicating  that  the  capacity  loss  is  restricted 
by  lithium-ion  diffusion.  The  LFP/(C+G)  electrode  shows  a  charge 
capacity  as  high  as  167.0  mAh  g-1  at  0.2C,  which  is  equivalent  to 
98%  of  the  theoretical  capacity.  Furthermore,  LFP/(C+G)  exhibits 
135.4mAhg-1,  103.1  mAhg-1,  91.1  mAhg-1  and  60.4mAhg-1  at 
1 C,  4C,  1 0C  and  60C,  respectively,  which  are  apparently  higher  than 
those  of  LFP/C  samples  coated  with  only  amorphous  carbon  [28]. 
Remarkably,  no  detectable  decline  in  capacity  was  observed  after 
over  100  cycles  even  at  60C  for  the  LFP/(C+G)  electrode.  The  high 
capacity  retention  ability  of  the  LFP/(C+G)  composite  at  different  C- 
rate  indicates  that  the  two-phase  coating  consisting  of  graphite  and 
amorphous  carbon  can  form  a  barrier  to  electrolyte  and  alleviate  the 
iron  dissolution  during  cycling,  resulting  from  the  flake  structure 
of  graphite  coating,  and  improves  the  reversibility  of  Li+  extrac¬ 
tion/insertion  [29].  CV  curves  of  the  LFP/(C+G)  electrodes  are  shown 
in  Fig.  3c,  and  the  signals  were  monitored  at  gradually  increased 
scan  rates  from  0.05  to  0.3  mV  s-1 .  As  found,  the  lower  the  scan  rate, 
the  smaller  the  difference  between  the  reduction  and  the  oxidation 
potentials,  demonstrating  the  less  polarization  under  a  lower  scan 
rate.  The  lithium  ion  diffusion  coefficient  can  be  evaluated  from  a 
relationship  between  anodic/cathodic  peak  currents  (zP)a/ip,c)  and 
the  square  root  of  scan  rates  (v1/2)  according  to  the  Randles-Sevcik 
equation  [30].  As  shown  in  Fig.  3d,  the  anodic  and  cathodic  dif¬ 
fusion  coefficients  of  lithium  ion  are  calculated  to  be  2.54  x  10-9 
and  2.43  x  10-9  cm2  s-1,  respectively.  Obviously,  the  anodic  diffu¬ 
sion  coefficient  of  lithium  ion  is  very  close  to  the  cathodic  diffusion 
coefficient  of  lithium  ion,  which  demonstrates  a  good  reversibility. 
This  result  also  reveals  that  the  two-phase  carbon  coating  facilitates 
the  kinetic  process  of  the  electrochemical  reactions. 

Raman  spectroscopy  in  the  field  of  LiFeP04-based  cathode  mate¬ 
rials  is  a  very  convenient  diagnostic  tool  to  evaluate  the  quality  of 
the  carbon  coating  on  LiFeP04  powders  and  films  [31,32].  Fig.  4 
shows  the  Raman  spectra  of  the  LFP/(C+G)  and  HEMM-G  heat- 
treated  at  650  °C  for  18  h  in  N2  (labeled  as  HEMM-G(HT))  samples. 
Two  intense  broad  bands  at  1 305  and  1 590  cm-1  are  assigned  to  the 
D  (sp3-type)  and  G  (sp2-type)  bands  of  the  residual  carbon  in  the 
samples,  respectively.  The  variation  of  the  width  and  intensity  of 
the  D  and  G  bands  is  related  to  the  growth  and  size  of  different  car¬ 
bon  phases,  the  presence  of  functional  groups  and  impurities  [33]. 
As  shown  in  XRD  patterns,  part  of  graphite  has  been  converted  to 
amorphous  carbon  after  high-energy  mechanical  milling.  During 
high-temperature  sintering  process,  amorphous  carbon  with  dis¬ 
ordered  feature  is  less  thermodynamic  stable  than  graphite,  thus 
it  is  more  easily  consumed  to  reduce  Fe3+  to  Fe2+.  As  shown  in 
Fig.  4,  there  is  no  obvious  difference  in  the  positions  of  D  and  G 
bands  between  LFP/(C+G)  and  HEMM-G(HT),  but  the  integrated 
D/G  intensity  ratio  for  LFP/(C+G)  (1.679)  is  lower  than  that  for 


HEMM-G(HT)  (2.136),  indicative  of  the  consumption  of  a  part 
of  amorphous  carbon  for  reducing  Fe3+  to  Fe2+.  Therefore,  it  is 
reasonable  to  believe  that  the  amorphous  carbon  is  determi¬ 
nant  for  reduction,  while  the  residual  graphite  plays  a  dominant 
role  in  improving  the  electronic  conductivity,  which  results  in  an 
enhanced  electrochemical  performance  of  the  LFP/(C+G)  compos¬ 
ite. 

4.  Conclusions 

A  novel  two-phase  carbon  coated  LFP/(C+G)  cathode  material 
has  been  prepared  using  natural  graphite  as  the  carbon  source.  The 
as-prepared  LFP/(C+G)  exhibits  an  initial  charge  capacity  as  high 
as  167.0  mAhg-1  with  a  coulombic  efficiency  of  98.4%  at  0.2C,  and 
excellent  rate  capacity  of  91.1  mAhg-1  and  60.4 mAhg-1  even  at 
10C  and  60C,  respectively,  and  favorable  electrochemical  cyclabil- 
ity  at  different  C-rate.  These  results  suggest  that  the  application  of 
natural  graphite  in  preparing  LFP  would  be  an  economical,  effec¬ 
tive  way  and  promising  for  lithium  ion  batteries,  and  is  suitable  for 
the  large-scale  production  of  batteries  such  as  those  used  in  EVs  or 
HEVs. 
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